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•  Effect  of  thermal  ageing  on  cells’  thermodynamic  and  kinetic  properties. 

•  Degradation  of  electrochemical  performance  with  the  ageing  temperature  and  time. 

•  Strong  correlation  between  cells  thermodynamic  changes  and  electrodes  degradation. 

•  Thermodynamics  method  allows  a  distinction  between  different  ageing  modes. 
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Lithium  ion  batteries  in  the  coin-cell  form  factor  (2032)  initially  charged  to  4.2  V  at  ambient  temperature 
are  stored  at  60  °C  and  70  °C  for  up  to  8  weeks.  The  cells  discharge  capacity  (Qd)  and  thermodynamic 
properties,  including  open-circuit  potential  (OCP),  entropy  (AS)  and  enthalpy  (AH)  are  measured  after 
each  completed  ageing  week.  Post-mortem  analysis  of  aged  anodes  and  cathodes  is  investigated  by  X-ray 
diffractometry  (XRD)  and  Raman  Scattering  spectrometry  (RS)  in  an  attempt  to  correlate  thermodynamic 
data  to  changes  in  the  crystal  structure  characteristics.  It  is  found  that  degradation  of  the  electrode 
materials’  crystal  structure  accounts  for  most  of  the  observed  changes  in  the  cells’  thermodynamics  with 
well  quantified  and  distinct  contributions  from  anode  and  cathode. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  are  several  well  established  causes  of  performance 
degradation  of  lithium  ion  batteries  (LiB)  including  long  charge/ 
discharge  cycling  [1-3],  thermal  ageing  [4-13],  high  rate  charge 
and  discharge  [14-16],  overcharging  [17-20  and  over  discharging 
[17].  Performance  degradation  includes  decays  in  discharge  ca¬ 
pacity,  in  discharge  potential  [21-23]  and  in  power  output 
[4,10,21].  Cells  performance  decays  relate  to  irreversible  changes  in 
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the  anode,  the  cathode  and  the  electrolyte  physical  properties  such 
as  crystal  structure  degradation  in  anode  [24-26]  and  cathode 
[26-28  and  in  the  electrode/electrolyte  interfacial  properties  [29- 
31].  Other  processes  such  as  metal  dissolution  [32-34],  electrolyte 
decomposition  [35-39]  and  electrode  mechanical  properties 
degradation  due  to  active  materials  electrical  disconnection  from 
the  current  collector  [40]  may  also  account  for  battery  decaying 
performances. 

In  a  recent  study  we  investigated  the  effect  of  overcharge  and 
long  cycling  of  LiB  cells  on  electrochemical  performances  and  on 
thermodynamics  properties  [41,42].  We  assigned  the  cells’  perfor¬ 
mance  decay  to  crystal  structure  degradation  of  the  cathode  and 
anode  materials,  which  correlate  well  with  changes  in  the  entropy 
and  enthalpy  profiles.  In  this  study  we  investigate  the  effect  of  high 
temperature  ageing  on  the  cells’  thermodynamic  and  kinetic 
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properties.  This  includes  open-circuit  potential  (OCP),  entropy  and 
enthalpy  profiles,  discharge  capacity,  average  discharge  potential 
and  energy  output. 

A  new  thermodynamics  based  approach  will  be  introduced  in 
this  paper.  It  enables  a  clear  distinction  between  contribution  to  the 
cell  performance  decay  arising  from  anode  and  cathode  [43].  Post¬ 
mortem  analyses  of  anode  and  cathode  materials  by  XRD  and  RS 
support  the  point  that  crystal  structure  degradation  is  the  main 
cause  of  the  changes  in  the  cells’  thermodynamic  and  kinetic 
properties  in  thermally  aged  cells. 


40  (iV  min  \  which  is  considered  close  enough  to  thermo¬ 
dynamic  equilibrium. 


From  linearity  of  Eo(2j,  T)  vs.  T  in  step  iii.,  the  ETM  system 
automatically  determines  the  entropy  A S(2j)  and  the  enthalpy 
A H(2j)  according  to  Eqs.  (2)  and  (3),  respectively 


AS(Xj) 


dSjSj)  dEo(Sj,t) 
a  Sj  a  t 


(2) 


2.  Experimental 


AH(Xj) 


M(2j) 

a  Sj 


(3) 


2.1.  Storage  condition  and  capacity  loss  determination 

LiB  coin  cells’  (2023)  of  initial  capacity  Qo  ~44  mAh  are  used  in 
this  study. 

The  cells  were  conditioned,  aged  and  tested  according  to  the 
following  steps: 


where  0S(2j)/02j  and  0H(2j)/02j  are,  respectively,  the  slope  of  S  and 
H  vs.  2/  at  well-defined  2j. 

By  iteration  of  steps  i.  to  iii.,  twenty  one  entropy  and  enthalpy 
data  points  are  acquired  and  plotted  vs.  2/  and  vs.  OCP. 

2.3.  Post-mortem  crystal  structure  analyses 


i.  A  charge  to  4.2  V  under  10  mA  constant  current  ( ~C/ 4-rate) 
at  ambient  temperature  using  an  Arbin  Instruments  battery 
cycler. 

ii.  A  thermal  storage  of  charged  cells  at  60  °C  ±  1  °C  and 
70  °C  ±  1  °C  for  a  period  up  to  8  weeks. 

iii.  Four  cells  were  retrieved  at  completion  of  each  week  and 
naturally  cooled  to  the  ambient  temperatures. 

iv.  The  four  cells  are  then  charged  to  4.2  V  and  discharged  to 
2.75  V  under  ±10  mA,  a  step  in  which  the  cells’  discharge 
capacity  Qd(Ts,  n),  capacity  loss  (Qo  -  Qd  (Ts,n)/Q o  x  100)  (in 
%),  and  average  discharge  potential  <ed(Ts,  n)>  are 
assessed,  where  n  =  number  of  ageing  weeks  (0  <  n  <  8; 
n  =  0)  corresponds  to  a  fresh  cell)  and  Ts  =  the  storage 
temperature). 


At  the  last  charge  increment  of  step  iii.  (j  =  20),  one  or  two  cell 
samples  are  retrieved  from  the  ETMS  and  discharged  to  2.75  V  at 
10  mA  then  opened  in  a  glove  box  filled  with  argon.  The  anode  and 
the  cathode  are  separated  and  washed  with  DMC  of  99%  purity  used 
as  received,  then  dried  in  argon  at  ambient  temperatures  and  in 
vacuum  at  60  °C  for  about  1  h. 

The  anode  and  cathode  samples  are  analysed  by  XRD  (Bruker  D8 
Advance  diffractometer)  using  CuKa  radiation  in  the  angular  range 
of  15°— 90°  {26)  for  cathode  and  20°-90°  {26)  for  anode  with  0.02° 
20-steps  and  by  RS  (Renishwa  inVia  Raman  microscope)  in  the 
backscattering  geometry;  with  the  514  nm  radiation  by  an  argon 
ion  laser  of  20  mW  power. 

3.  Results  and  discussion 


The  cells  discharge  energy  ‘F  is  then  assessed  using  Eq.  (1): 
E{TS:n)  =  Qd(rs,n)x(ed(Ts,n))  (1) 

2.2.  Thermodynamics  measurements 

The  four  discharged  cells  of  step  iv.  are  transferred  into  the 
Electrochemical  Thermodynamics  Measurement  System  (ETMS, 
BA-2000®,  KVI  PTE  LTD,  Singapore)  then  the  following  processes 
are  carried  out: 

i.  Conditioning  cycle:  cells  are  charged  to  4.2  V  under  9  mA 
then  a  constant  4.2  V  voltage  is  applied  until  the  charge 
current  dropped  below  0.05  mA.  Cells  are  then  discharged  to 
2.75  V  under  9  mA  and  constant  2.75  V  voltage  is  held  until 
the  discharge  current  dropped  below  0.05  mA.  In  these  steps 
the  ETMS  assesses  the  cells’  charge  and  discharge  capacity, 
which  is  close  to  Qd(Ts,  n). 

ii.  Electrochemical  thermodynamics  measurements  (ETM)  test: 
discharged  cells  are  charged  at  C/6-rate  for  18  min  corre¬ 
sponding  to  5%  increment  in  state  of  charge  (2).  Therefore, 
after  the  jth  charge  increment  the  cells’  state  of  charge  2j  is 
given  by:  2/  (%)=5j  (1  <j<  20). 

iii.  At  2 j  the  cells  temperature  T  is  decreased  from  ambient 
( ~  25  °C)  to  10  °C  by  5  °C  steps  while  keeping  the  circuit  open 
and  monitoring  the  OCP.  Each  T  is  kept  constant  for  30  min 
and  the  cells’  OCP  ‘E0(2j,  T)’  is  measured.  Typically,  after 
30  min  relaxation  time  £q(2/,  T)  varies  by  less  than 


3.1.  Thermodynamics  and  kinetics  data 

3.1.1.  Initial  OCP  and  discharge  data 

The  cells’  OCP  measured  at  ambient  temperature  immediately 
after  ageing  at  60  °C  and  70  °C  is  plotted  versus  the  ageing  time  in 
Fig.  1  A,  a  and  b,  respectively.  The  two  traces  almost  lie  on  the  top  of 
each  other  for  the  first  5  ageing  weeks.  Then  they  split  from  each 
other  as  cells  aged  at  70  °C  feature  a  sharp  decrease  in  OCP  compared 
to  those  aged  at  60  °C.  The  corresponding  discharge  capacity  (Qd(Ts, 
n))  profiles  are  plotted  in  Fig.  IB,  a  and  b,  respectively.  For  the  first 
two  weeks  the  Qd(Ts,  n)  traces  are  quite  close  to  each  other.  Only  after 
the  third  week  they  depart  as  the  capacity  of  cells  aged  at  70  °C 
becomes  increasingly  lower  than  the  ones  aged  at  60  °C. 

From  an  initial  discharge  capacity  of  44  mAh  in  fresh  cells,  the 
discharge  capacity  dropped  to  about  37  mAh  and  32.5  mAh  after  8 
ageing  weeks  at  60  °C  and  70  °C,  respectively,  corresponding  to 
irreversible  capacity  losses  of  15.9%  and  26.1%,  respectively.  It  is 
generally  admitted  that  above  circa  20%  capacity  loss,  a  LiB  is 
considered  no  more  operational,  which  is  the  case  of  the  cells  aged 
at  70  °C  for  8  weeks. 

Fig.  1C,  a  and  b  shows  the  average  discharge  potential  <ed(Ts, 
n)>  profiles  of  cells  aged  at  60  °C  and  70  °C,  respectively.  <ed (Ts, 
n)>  is  defined  in  Eq.  (4): 

td 

(ed(Ts,n))  =  ±  y  e(t)dt,  (4) 

0 

where  e{t)  =  time  dependent  cell  discharge  voltage  and  td  =  total 
discharge  time.  Fig.  ID,  a  and  b  shows  the  corresponding  energy 
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Fig.  1.  Ageing  time  dependence  at  60  °C  and  70  °C  of  LiB  cells  of:  (A)  Open-circuit  potential  (OCP),  (B)  discharge  capacity,  (C)  average  discharge  potential  and,  (D)  Discharge  energy. 


profile  (as  defined  in  Eq.  (1)).  As  expected,  with  increasing  ageing 
time,  cells  aged  at  60  °C  show  higher  discharge  potential  and 
discharge  energy  than  those  aged  at  70  °C 

As  discussed  in  the  following  sections  a  decay  in  both  discharge 
capacity  and  discharge  potential  relates  to  degradation  of  electrode 
materials  and/or  electrolyte  [11,16,26,39  and  to  altered  electrode/ 
electrolyte  interfacial  charge  transport  properties  [27,38,39],  which 
leads  to  increased  cells’  internal  resistance.  These  changes  affect 
the  cells’  state  of  health  (SOH),  which  may  be  defined  in  relation 
with  energy  loss,  shown  in  Fig.  ID,  a  and  b. 


SOH  =  100  -Energy  Loss  (%)  (5) 

Fig.  2  shows  OCP  profiles  during  charge  and  discharge  of  fresh 
cells  vs.  2.  Noteworthy  is  the  quasi  absence  of  any  hysteresis  be¬ 
tween  the  charge  and  the  discharge  traces.  This  indicates  that  the 
ETM  operation  parameters  (charge  and  discharge  current  and  OCP 
relaxation  time)  were  chosen  within  a  good  range  and  that  the  ETM 
results  are  highly  consistent  and  reproducible.  Therefore,  we 
applied  the  same  ETM  protocol  for  all  cells  of  this  study  and  will 
show  OCP  data  during  charge  only. 

The  OCP  traces  in  Fig.  2  show  a  steep  change  in  slope  at  2  =  5% 
and  lesser  changes  at  around  25%  and  45%.  There  is  no  noticeable 
change  in  slope  at  other  2  values  in  particular  at  80%,  a  result  in 
contrast  with  the  entropy  and  the  enthalpy  data  shown  in  the  next 
section. 

Fig.  3A  and  B  displays  the  OCP  profiles  vs.  2  of  cells  aged  at  60  °C 
and  70  °C  for  8  weeks,  respectively.  OCP  curves  in  Fig.  3A  lay  on  top 
of  each,  except  at  0%  2  value.  OCP  data  dispersion  at  2  =  0%  may  be 
due  to  residual  lithium  in  the  graphite  anode  at  the  end  of 
discharge,  which  strongly  affects  the  anode  thermodynamic  state. 
In  contrast  with  the  data  achieved  at  60  °C,  Fig.  3B  shows  larger  OCP 
data  dispersion  with  ageing  time  at  70  °C.  This  suggests  a  deeper 


cells’  degradation  has  taken  place  during  ageing  at  70  °C  as 
compared  to  60  °C. 

3.1.2.  Entropy  and  enthalpy 
3 A. 2.1.  Results 

3.12.1.1.  Fresh  cells.  The  entropy  profiles  of  fresh  cells  versus  2 
and  OCP  are  plotted  in  Fig.  4A  and  B,  respectively  and  the  corre¬ 
sponding  enthalpy  profiles  are  displayed  in  Fig.  5A  and  B,  respec¬ 
tively.  In  Figs.  4A,  B  and  5A,  B  particular  data  points  labelled  Ai,  A2 
and  Ci  to  C5,  have  been  found.  These  particular  data  points  are 
associated  with  onsets  of  phase  transitions  in  the  graphite  anode 
(Ai,  A2)  and  in  the  LCO  cathode  (Ci  to  C5)  as  discussed  later. 


State  of  charge,  X(%) 

Fig.  2.  Open  circuit  potential  profile  of  fresh  (un-aged)  LiB  cells  during  charge  and 
discharge  vs.  state  of  charge  (2). 
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Fig.  3.  Open  circuit  potential  profile  vs.  2  of  LiB  cells  aged  at  (A)  60  °C  and,  (B)  70  °C. 
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Since  similar  features  are  observed  in  AS  and  AH  profiles  plotted 
vs.  2  and  vs.  OCP,  only  data  plotted  vs.  OCP  will  be  presented  in  the 
following  sections  to  avoid  redundancy. 

3. 1.2. 1.2.  Aged  cells.  Entropy  profiles  of  cells  aged  at  60  °C  and 
70  °C  as  function  of  OCP  are  displayed  in  Fig.  6A  and  B,  respectively 
and  the  corresponding  enthalpy  profiles  are  displayed  in  Fig.  7 A 
and  B,  respectively.  To  highlight  the  ageing  time  effect  on  entropy 
and  enthalpy,  the  profiles  of  a  fresh  cell  and  a  cell  aged  for  8  weeks 
are  show  in  the  inserts  of  Figs.  6  and  7  in  the  OCP  range  3.85  V— 
4.15  V  where  entropy  and  enthalpy  changes  are  found  to  be  more 
significant. 

The  most  noticeable  changes  in  AS  and  AH  data  occur  at  OCP 
around  4  V  and  3.68  V.  These  particular  OCP  values  correspond  to 
C4  and  Ai  data  points,  respectively.  The  peak  at  C4  decreased  in 
intensity,  shifted  to  higher  potentials  and  flattened.  In  the  mean¬ 
time,  the  intensity  of  the  peak  at  Ai  increased. 

Because  of  a  higher  sensitivity  to  thermal  ageing  Ai  and  C4  data 
points  will  be  used  to  track  the  evolution  of  entropy  and  enthalpy  of 
anode  and  cathode,  respectively. 

Fig.  8 A  and  B  shows  the  ageing  time  dependence  of  entropy  (a) 
and  enthalpy  (b)  of  cells  aged  at  60  °C  at  Ai  and  C4  data  points, 
respectively  and  Fig.  9A  and  B  show  similar  data  for  cells  aged  at 
70  °C.  The  entropy  and  enthalpy  profiles  at  Ai  are  quite  different 
from  those  at  C4  for  both  ageing  temperatures.  Fig.  8A  shows  a 
quasi-linear  behaviour  of  entropy  and  enthalpy  for  Ai  at  60  °C.  For 
C4,  however,  entropy  keeps  almost  constant  during  the  first  5 


weeks  and  then  it  drops  dramatically  for  the  last  3  weeks  (Fig.  8Ba). 
Concomitantly,  the  enthalpy  profile  drops  quasi  linearly  with 
ageing  time  (Fig.  8Bb). 

Fig.  9A  at  70  °C  shows  an  overall  increase  of  entropy  and 
enthalpy  at  Ai  except  between  weeks  2  and  4  where  both  remained 
almost  constant.  For  C4,  however,  entropy  makes  a  plateau  during 
the  first  two  weeks  and  then  it  drops  sharply  during  the  following 
week  and  keeps  dropping  more  smoothly  for  the  5  last  weeks 
(Fig.  9Ba).  Enthalpy  at  C4  in  Fig.  9Bb  follows  almost  the  same  trends 
than  entropy  except  it  decreases  during  the  first  week  before 
making  a  semi-plateau  between  weeks  3  and  7  then  it  drops  for  the 
last  week. 

3. 1.2. 2.  Discussion 

3.1.22.1.  Fresh  cells.  When  comparing  Fig.  2  and  Figs.  4A  and  5 A 
of  OCP,  entropy  and  enthalpy  profiles  vs.  2  of  fresh  cells,  respec¬ 
tively,  more  features  can  be  found  in  the  entropy  and  enthalpy 
profiles  as  compared  to  the  OCP  one.  Data  points  Ai,  A2  and  Ci  to  C5 
in  Figs.  4  and  5  can  be  assigned  to  onsets  of  phase  transitions  in  the 
anode  (A,-)  and  cathode  (Q),  respectively.  In  a  previous  study  on  Li/ 
graphite  and  Li/LCO  half  cells  [43],  we  reported  on  particular  2 
values  where  entropy  profiles  shows  noticeable  changes  in  slope.  In 
the  graphite  anode  a  steep  drop  and  a  jump  in  entropy  occur 
around  Lio.osCe  and  Lio.sCe  compositions,  respectively.  These  fea¬ 
tures  are  respectively  associated  to  phase  transitions  from  graphite 


State  of  charge,  2(%) 


Fig.  4.  Entropy  profile  of  LiB  fresh  cells  during  charge  and  discharge  (A)  vs.  2  and,  (B) 
vs.  OCP. 
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State  of  charge,  2(%) 


Fig.  5.  Enthalpy  profile  of  LiB  fresh  cells  during  charge  and  discharge  (A)  vs.  2  and,  (B) 
vs.  OCP. 


to  diluted  stage  1  and  from  stage  2  to  stage  1  in  lithiated  graphite 

[44,45]. 

In  Li/LCO  half  cells  successive  phase  transitions  from  initial 
hexagonal  phase  (Hex)  (03  of  U1C0O2  composition)  in  the  dis¬ 
charged  state  to  monoclinic  (Mon)  phase  in  the  fully  charged  state 
at  4.2  V  vs.  Li+/Li  of  ~Lio.sCo02  composition  [46]  take  place  as 
follows: 

Ci:  Single  phase  (Hex  031)  ->  Two-phase  (031  +  0311)  at 

~Lio.95Co02, 

C2:  Two-phase  (031  +  0311)  -►  Single  phase  (0311)  at 

~Lio.875Co02, 

C3:  Single  phase  (0311)  ->  Single  monoclinic  phase  (Mon)  at 

~  U0.65C0O2, 

C4:  Mon  ->  Hex  (03IF)  at  ~Li0.6CoO2,  and 

C5:  Hex  (0311')  -►  Hex  (03)  at  ~Li0.55CoO2. 

Onsets  of  phase  transitions  in  anode  and  cathode  are  specific  to 
each  one  of  the  materials.  The  occurrence  of  particular  data  points 
Ai  and  A2  and  Q  to  C5  in  the  entropy  and  enthalpy  profiles  is  the 
thermodynamics  evidence  that  the  chemistry  of  LiB  used  in  this 
study  consists  of  graphite  anode  and  LCO  cathode.  This  statement 
will  be  later  confirmed  by  post  mortem  XRD  and  RS  analyses. 

LiB  cells  are  generally  anode  and  cathode  balanced  by  con¬ 
struction  to  insure  no  excess  anode  or  cathode  is  used  to  optimize 


energy  density.  In  an  ideally  balanced  cell,  the  cells’  capacity  should 
be  equal  to  the  one  of  the  anode  and  to  the  one  of  the  cathode. 
Accordingly,  the  full  cell  state  of  charge  should  be  equal  to  the  one 
of  the  anode  and  to  the  one  of  the  cathode. 

In  a  graphite/LCO  balanced  cell,  the  cell  reaction  at  each  state  of 
charge  2  is  ideally  schematized  by  the  equation: 


3C  +  LiCo02  ^l/2Li^Cg  +  Lit  0  =  ^  ^  =  1 

(6) 

Because  1)  entropy  (and  enthalpy)  of  a  full  cell  is  the  difference 
between  entropy  (and  enthalpy)  of  cathode  and  anode  and,  2) 
phase  transition  in  anode  and  cathode  take  place  at  well-defined 
^anode  and  2cathode,  respectively,  any  phase  transition  in  either 
electrode  will  have  a  signature  in  the  entropy  and  enthalpy  profiles 
of  the  full  cell  at  that  particular  cell’s  2  value.  This  statement  ac¬ 
counts  for  the  presence  of  Ai,  A2  and  Ci  to  C5  data  points  in  entropy 
and  enthalpy  profiles  in  Figs.  4  and  5.  In  fact,  a  detailed  analysis  of 
the  Ai,  A2  and  Ci  to  C5  position  should  allow  one  to  determine 
whether  the  cell  is  cathode  and  anode  balanced  or  not.  The  cathode 
vs.  anode  mass  balance  assessment  is  beyond  the  current  study  and 
will  be  presented  in  a  future  paper. 

3.12.22.  Aged  cells.  The  data  in  Fig.  6A  and  B  on  the  one  hand 
and  in  Fig.  7 A  and  B  on  the  other  hand  clearly  show  that  entropy 
and  enthalpy  profiles  are  strongly  affected  by  the  ageing  temper¬ 
ature  and  time.  This  is  more  visible  in  the  OCP  area  of  inserts  in 
Figs.  6  and  7  between  3.85  V  and  4.15  V. 

Changes  in  thermodynamic  properties  with  ageing  tempera¬ 
ture  and  time  displayed  in  Figs.  6-9  support  a  model  following 
which  electrochemically  active  electrode  materials  in  anode  and 
cathode  gradually  convert  to  less  active  (or  inactive)  materials 
upon  ageing.  The  presence  of  less  active  (or  inactive)  component 
in  anode  and  cathode  should  account  for  irreversible  capacity 
losses  in  the  electrode  and,  therefore,  in  the  full  cell.  Moreover, 
only  lithium  stoichiometry  in  the  active  component  of  anode  and 
cathode  controls  its  potential  and  capacity.  Accordingly,  the 
thermodynamic  behaviour  of  the  full  cell  relates  to  the  active 
component  of  each  one  of  the  electrodes.  Since  onsets  of  phase 
transitions  will  take  place  at  well-defined  lithium  compositions 
(and  potentials)  in  the  active  component  of  the  electrodes  only, 
changes  in  entropy  and  enthalpy  profiles  during  thermal  ageing 
in  particular  at  Ai  and  C4  should  be  associated  with  changes  in 
the  thermodynamic  properties  of  graphite  anode  and  the  LCO 
cathode,  respectively. 

The  quasi-linear  increase  in  entropy  and  enthalpy  of  anode 
shown  in  Figs.  8A  and  9A  at  60  °C  and  70  °C,  respectively  suggests 
the  anode  degrades  starting  from  the  beginning  of  ageing  and 
changes  in  entropy  and  enthalpy  in  anode  are  somehow  correlated. 
This  feature  contrasts  with  the  one  of  the  LCO  cathode.  In  fact,  as 
shown  in  Figs.  8B  and  9B  LCO  degradation  takes  place  stepwise, 
suggesting  some  level  of  resilience  and/or  higher  activation  energy 
for  irreversible  decomposition  reactions.  Moreover  changes  in  en¬ 
tropy  and  enthalpy  are  less  correlated  in  LCO  than  in  the  graphite 
anode.  A  less  correlated  entropy  and  enthalpy  in  LCO  suggests 
differences  in  the  mechanism  of  the  cathode  degradation  as  sensed 
by  entropy  and  enthalpy  state  functions.  Configurational  (mixing) 
entropy,  which  is  the  major  component  of  entropy  in  chemical 
systems  (as  compared  to  vibrational,  electronic  and  nuclear  en¬ 
tropy)  [47],  is  highly  sensitive  to  crystal  structure  and  electronic 
structure  disorder  in  the  LCO  material.  Enthalpy,  however,  should 
be  associated  with  changes  in  inter-atomic  bonds  such  as  Li-0  and 
Co-0  bonds  following  reversible  (Li+  intercalation/de¬ 
intercalation)  and  irreversible  (bonds  breaking  and  re-formation) 
processes,  which  account  for  the  major  part  of  the  total  free 
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Fig.  6.  Entropy  profiles  vs.  OCP  of  LiB  cells  aged  at  (A)  60  °C  and,  (B)  at  70  °C. 


energy.  The  local  symmetry  around  the  lithium  ions  in  Lii_yCo02 
affects  the  stability  of  the  material  which  structure  evolves  to  the 
lowest  energy  ground  state. 

Comparing  entropy  and  enthalpy  changes  should  cast  basis  for 
theoretical  and  experimental  materials  science  research  to  eluci¬ 
date  their  contribution  to  materials  energetics,  degradation 
mechanisms,  storage  capability,  chemical  and  thermal  stability  and 
cycle  life.  The  evolution  of  thermodynamic  properties  with  the 
ageing  time  correlates  well  with  the  cells  performance  but  also 
with  the  state  of  health  (SOH).  SOH  as  defined  in  Eq.  (5)  relates 
mostly  to  active  vs.  inactive  components  mass  ratio  in  anode  and 
cathode. 

3.1.3.  Crystal  structure  characterization 

3.13.1.  LCO  cathode.  Fig.  10A  shows  XRD  patterns  of  cathode  ma¬ 
terials  aged  at  60  °C  for  up  to  8  weeks  and  discharged  to  2.75  V.  For 
presentation  clarity  only  data  taken  on  samples  aged  every  other 
week  are  displayed. 


The  XRD  spectrum  of  fresh  cathode  displayed  at  the  bottom  of 
Fig.  10A  shows  characteristic  peaks  of  pure  LiCo02  material.  This 
postmortem  analysis  confirms  our  earlier  statement  from  entropy 
and  enthalpy  data  in  Figs.  4  and  5  that  LiB  of  this  study  consist  well 
of  LCO  cathode  material. 

To  highlight  changes  in  the  X-ray  diffractograms  upon  ageing, 
the  areas  around  the  strongest  003  and  104  diffraction  peaks  are 
displayed  in  Fig.  10B  and  C,  respectively.  Similarly  Fig.  11 A-C  shows 
the  XRD  charts  of  LCO  cathode  aged  at  70  °C. 

Figs.  10B,  C  and  11 B,  C  show  003  and  104  peaks  shifted  toward 
lower  angles  and  broadened.  The  effects  are  more  pronounced  for 
LCO  aged  at  70  °C  as  compared  to  those  at  60  °C  for  the  same  ageing 
time. 

A  shift  to  lower  angles  of  the  003  and  104  peaks  may  result  from 
the  presence  of  small  amounts  of  lithium  vacancies  in  Lii_yCo02, 
y  ~  0  in  the  fully  discharged  state  of  the  cells.  It  is  well  documented 
that  the  ‘c’  parameter  of  the  LCO  hexagonal  cell  increases  with  the 
amounts  of  lithium  vacancies  y  in  Lii^yCo02  in  the  0  <  y  <  0.7 
composition  range  [46,48,49].  Lithium  vacancies  in  discharged  LCO 
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Fig.  7.  Enthalpy  profiles  vs.  OCP  of  LiB  cells  aged  at  (A)  60  °C  and,  (B)  at  70  °C. 


may  result  from  lithium  losses  in  the  graphite  anode  upon  ageing. 
As  will  be  showed  in  the  following  section,  residual  lithium  is 
trapped  in  the  graphite  structure  and  becomes  unavailable.  Lithium 
losses  may  also  result  from  solid  electrolyte  interphase  (SEI) 
decomposition  and  re-formation,  which  irreversibly  consumes 
lithium  stored  in  the  graphite  anode. 

Because  more  and  more  lithium  is  trapped  in  the  graphite 
structure  and  is  consumed  to  form  new  SEI,  the  amounts  of  lithium 
needed  to  fully  discharge  LCO  is  insufficient  and,  therefore,  the 
deficiency  rate  y  in  discharged  cathode  increases  with  ageing  time. 
Accordingly,  the  ‘c’  parameter  increases  as  supported  by  the  003 
and  104  peaks  shift  to  lower  angles  [46,48,49]. 

Cation  mixing  in  LCO  is  promoted  by  both  lithium  deficiency 
and  a  high  storage  temperature  [50,51].  With  increasing  cation 
mixing  rate,  the  03  hexagonal  phase  eventually  converts  to  cubic 
spinel  phase  resulting  in  003  and  104  peaks  broadening  and  change 
in  the  peaks  relative  intensity  [51  ].  As  a  matter  of  fact  in  Fig.  12a  and 
b  the  104  and  003  peaks  intensity  ratio  /104//003  increases  with 
ageing  time  at  60  °C  and  70  °C,  respectively,  as  result  of  LCO 


conversion  from  hexagonal  to  spinel  phases  [52,53].  The  later 
conversion  is  further  supported  by  the  RS  data  displayed  in  Figs.  13 
and  14  performed  on  discharge  LCO  samples  aged  at  60  °C  and 
70  °C,  respectively.  The  RS  spectrum  of  a  fresh  LCO  sample  dis¬ 
played  at  the  bottom  of  Fig.  13  shows  two  active  modes  typical  of 
hexagonal  LiiCo02  of  R3m  symmetry,  E *  and  A\g  at  595  cm-1  and 
486.7  cm-1,  respectively  in  agreement  with  the  XRD  and  thermo¬ 
dynamics  data  [54].  As  depicted  in  Fig.  13  (60  °C)  and  Fig.  14  (70  °C) 
upon  ageing,  new  Raman  modes  appeared  and  can  be  assigned  to 
A\g  and  Esg  modes  of  spinel  LCO  (Fd3m  symmetry),  respectively 
[55].  Eventually  after  long  ageing  time,  the  spinel  peak  A\g  becomes 
stronger  than  the  hexagonal  A\g  one  as  shown  in  Fig.  14.  A  red  shift 
in  E^  and  A\  modes  is  observed  after  two  weeks  ageing  at  60  °C 
and  70  °C.  This  suggests  a  decrease  in  the  cation-oxygen  bonding 
energy  during  ageing  has  taken  place.  In  the  meantime,  however, 
the  A\g  and  Esg  modes  remained  slightly  unchanged  within  ±1  cm-1 
except  for  the  A\g  mode  which  decreased  from  ~699  cm-1  to 
~683  cm-1  then  to  681  cm-1  after  6  and  8  weeks  ageing  at  70  °C, 
respectively  as  reported  in  Table  1.  A  red  shift  in  the  E ^  and  A\g 
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Fig.  8.  Time  dependence  of  (a)  entropy  and,  (b)  enthalpy  of  (A)  peak  Ai  and,  (B)  peak 
C4  of  LiB  cells  aged  at  60  °C. 


Fig.  9.  Time  dependence  of  (a)  entropy  and,  (b)  enthalpy  of  (A)  peak  Ai  and,  (B)  peak 
C4  of  LiB  cells  aged  at  70  °C. 


modes  may  correlate  with  changes  in  the  enthalpy  profiles  in 
Fig.  7  A  and  B  underlining  a  weakening  of  the  M-0  bonding  energy 
and/or  M06  octahedral  distortion  in  the  hexagonal  phase. 

3.1.32.  Graphite  anode.  Extended  X-ray  diffractograms  of  the 
anode  for  different  ageing  times  at  60  °C  are  shown  in  Fig.  15 A.  The 
diffraction  spectrum  of  fresh  anode  showed  at  the  bottom  of 
Fig.  15A  is  typical  of  graphitic  carbon  of  interlayer  spacing  of  3.37  A, 
which  is  slightly  higher  than  in  highly  graphitized  carbon  (3.35— 
3.36  A).  XRD  data  also  confirmed  our  earlier  statement  from  en¬ 
tropy  and  enthalpy  data  analyses  in  Figs.  4  and  5  that  LiB  cells  in  this 
study  consist  well  of  a  graphite  anode. 

Fig.  15B  shows  the  002  peak  shifted  to  lower  angles  and  slightly 
broadened  with  the  ageing  time.  A  shift  of  the  002  peak  to  lower 
angles  should  result  from  residual  lithium  trapped  in  the  graphite 
structure  and  subsequent  increase  in  the  interlayer  spacing  from 
~  3.37  A  to  ~  3.40  A  [44].  Similar  data  are  shown  in  Fig.  17A-B  at  70 
°C,  although  with  more  pronounced  effects  than  in  Fig.  16.  Residual 
lithium  in  discharged  graphite  anode  should  occur  mainly  for  ki¬ 
netics  reasons  as  lithium  may  become  hindered  from  full  de¬ 
intercalation  due  to  the  SEI  becoming  more  and  more  resistive 
with  ageing  time.  The  002  peak  broadening  relates  to  increased 
disorder  in  the  graphite  structure,  a  result  in  agreement  with  the  RS 
data  shown  in  Fig.  16.  In  fact,  the  RS  spectra  taken  on  graphite  anodes 
aged  at  60  °C  show  the  two  characteristic  Raman  active  modes  of 
graphitic  carbon;  the  G-mode  at  about  1580  cm_1and  the  D-mode  at 
about  1350  cm-1  [56]  changed  in  relative  intensity  and  in  broad¬ 
ening  with  ageing  time.  The  D-mode  is  associated  with  structural 
defects  such  as  stacking  disorder  and  2D  domains  size  effects  [57]. 


An  increase  of  the  D-mode  peak  intensity  relative  to  G-mode  is  the 
signature  of  enhanced  crystal  disorder  in  the  graphite  anode  [58,59]. 

Fig.  18a  and  b  shows  the  time  dependence  of  the  002  peak’s  full- 
width  at  half-maximum  (FWHM)  during  ageing  at  60  °C  and  at 
70  °C,  respectively.  As  expected  the  002  peak  broadening  is 
stronger  at  70  °C  (Fig.  18b)  than  at  60  °C  (Fig.  18a)  indicating  more 
structural  disordering  of  the  graphite  anode  with  ageing  temper¬ 
ature  and  time.  Enhanced  disorder  in  graphite  at  70  °C  vs.  60  °C  is 
further  supported  by  Raman  scattering  shown  in  Fig.  19  achieved 
on  anode  sample  aged  at  70  °C.  The  D  vs.  G  modes  relative  intensity 
ratio  is  lager  in  anode  aged  at  70  °C  than  at  60  °C  as  depicted  in 
Fig.  20a  and  b,  respectively.  This  indicates  deeper  structural 
graphite  anode  degradation  has  occurred  at  higher  ageing  tem¬ 
peratures,  a  result  in  agreement  with  thermodynamics  data. 

4.  Conclusion 

We  investigated  on  the  effect  of  thermal  ageing  of  coin  lithium 
ion  cells  by  electrochemical  galvanostatic  charge  and  discharge 
cycling,  OCP  measurements,  entropy  and  enthalpy  profile  analysis 
and  by  X-ray  diffractometry  and  Raman  scattering.  We  quantified 
the  observed  decrease  in  the  electrochemical  performances  with 
the  ageing  temperature  and  time. 

Entropy  and  enthalpy  profiles  show  more  obvious  changes  with 
ageing  time  than  the  OCP  profile.  Two  particular  data  points  Ai  and 
C4  associated  with  significant  changes  in  entropy  and  enthalpy 
profiles  in  anode  and  in  cathode,  respectively,  have  been  revealed 
and  used  to  monitor  electrodes  degradation  during  thermal  ageing. 
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Fig.  10.  X-ray  diffractograms  of  LCO  cathode  material  taken  from  LiB  cells  aged  at 
60  °C.  (A)  full  spectra,  (B)  in  the  003  peak  area  and,  (C)  in  the  104  peak  area. 

During  thermal  ageing  lithium  trapped  in  the  graphite  anode 
and  lost  during  the  SEI  formation  and  decomposition  cycle  ac¬ 
counts  for  most  of  the  irreversible  consumption  of  active  lithium  in 
the  cell  and,  therefore,  to  lithium  deficiencies  in  the  discharged  LCO 
cathode  and  to  irreversible  capacity  loss.  Furthermore,  lithium 
deficiency  in  LCO  leads  to  cation  mixing  and  eventually  to  hexag¬ 
onal  to  spinel  irreversible  phase  conversion,  a  result  confirmed  by 
thermodynamics  data  and  by  post  mortem  XRD  and  RS  analyses. 

By  assigning  onsets  of  phase  transitions  in  the  entropy  and 
enthalpy  profiles  specifically  to  anode  (Ai)  and  cathode  (Q)  our 
thermodynamics  method  allows  a  clear  distinction  between 
contribution  to  the  cell  performance  decay  originating  from  each 
one  of  the  electrodes.  This  feature  is  a  direct  consequence  of  the 
“electrochemical  signal  amplifier  effect”  of  entropy  and  enthalpy 
functions  at  phase  transitions  as  compared  to  more  commonly  used 
Gibbs  energy  (or  OCP)  function. 

Differences  in  thermodynamic  behaviour  in  anode  and  cathode 
were  revealed  in  this  study.  In  anode  entropy  and  enthalpy 
increased  in  a  correlated  way,  whereas  in  cathode,  entropy  and 
enthalpy  generally  decreased  uncorrelated.  Changes  in  entropy  and 
enthalpy  in  anode  go  with  graphene  layers  stacking  disorder, 
whereas  in  cathode,  changes  go  with  the  LCO  irreversible  conver¬ 
sion  from  hexagonal  to  spinel  structure. 

Compared  to  our  previous  studies  on  LIB  ageing  upon  over¬ 
charge  41  ]  and  long  cycling  [42],  we  found  thermal  ageing  to  affect 
anode  and  cathode  crystal  structure  degradation  quite  differently. 
In  particular  cells  having  sustained  same  capacity  loss  under 
different  ageing  conditions  show  different  thermodynamics  prop¬ 
erties,  which  relate  to  differences  in  electrode  degradation  rates. 


Fig.  11.  X-ray  diffractograms  of  LCO  cathode  material  taken  from  LIB  cells  aged  at 
70  °C.  (A)  full  spectra,  (B)  in  the  003  peak  area  and,  (C)  in  the  104  peak  area. 

Our  thermodynamics  analytical  method  is  novel,  non¬ 
destructive  and  is  complementary  to  other  costly  and  bulky  in- 
situ  investigation  tools  such  XRD,  neutron  scattering,  X-ray  ab¬ 
sorption  spectrometry,  etc.  Thermodynamics  methods  apply  to  any 
battery  chemistry  as  long  as  OCP,  2  and  T  are  measured  accurately. 
Applications  include  accurate  assessment  of  phase  diagrams  of 
anode  and  cathode  together  with  investigations  on  battery 


Fig.  12.  Time  dependence  of  104/003  peak  intensity  ratio  of  LCO  cathode  materials 
taken  from  LiB  cells  aged  at  (a)  60  °C  and,  (b)  70  °C. 
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Fig.  13.  Time  dependence  of  Raman  scattering  spectra  of  LCO  cathode  materials  taken 
from  LiB  cells  aged  at  60  °C. 


Fig.  15.  X-ray  diffractograms  of  graphite  anode  material  taken  from  LiB  cells  aged  at 
60  °C,  (A)  full  spectra  and,  (B)  in  the  002  peak  area. 
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Fig.  16.  Time  dependence  of  Raman  scattering  spectra  of  graphite  anode  materials 
taken  from  LiB  cells  aged  at  60  °C. 


Fig.  14.  Time  dependence  of  Raman  scattering  spectra  of  LCO  cathode  materials  taken 
from  LiB  cells  aged  at  70  °C. 


Table  1 

Raman  active  modes  in  LCO  cathode  upon  ageing  at  60  °C  and  70  °C  for  up  to  8 
weeks  at  initial  charge  state  of  4.2  V. 


Ageing  time  at 

60  °C  (Week) 

Ef  /cm'11 

E\  /c m-la 

A?g  /cm'1 

A\g  /cm'1 

0 

- 

486.7 

595 

— 

2 

- 

484.3 

591.5 

698.3 

4 

484.3 

591.5 

699.5 

6 

447.4 

486.7 

592.6 

699.5 

8 

448.7 

486.7 

592.6 

699.5 

Ageing  time  at 

70  °C  (Week) 

Peakl/cm_1 

Peal<2 

(FgJ/cm-1 

Peak2 

(Aig)/cm-1 

Peak4/cm_1 

0 

- 

486.7 

595 

2 
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a  s  and  h  relate  to  spinel  and  hexagonal  symmetry  phases,  respectively. 


Fig.  17.  X-ray  diffractograms  of  graphite  anode  material  taken  from  LiB  cells  aged  at 
70  °C,  (A)  full  spectra  and,  (B)  in  the  002  peak  area. 
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Fig.  18.  Time  dependence  of  the  graphite  anode  002  peak  fuii-width  at  half-maximum 
(FWHM)  during  ageing  at  (a)  60  °C  and,  (b)  70  °C. 
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4  Weeks 
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Fresh  cell 
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Fig.  19.  Time  dependence  of  Raman  scattering  spectra  of  graphite  anode  materials 
taken  from  LiB  cells  aged  at  70  °C. 


Fig.  20.  Time  dependence  of  D-mode  and  G-mode  peak  intensity  ratio  of  graphite 
anode  materials  taken  from  LIB  cells  aged  at  (a)  60  °C  and,  (b)  70  °C. 


performance  degradation  mechanisms  and  battery  state  of  health 
and  more  crucial  state  of  safety  assessments. 
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